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Abstract 
Grid synchronization is a fundamental issue in the connection of renewable energies to the grid by using power 
converters. This paper presents an analysis and comparison of Phase Locked Loop (PLL) strategies for the 
synchronization to the grid of a wind energy conversion system (WECS) based on a permanent magnet synchronous 
generator (PMSG). It discusses the impact of PLL  in the output current of three-phase inverter, through an analysis of 
the harmonic distortion contained in the current for each case. The simulation results obtained by MATLAB/SIMULINK 
shown that the PLL proposed in this work, presents a satisfactory performance in steady state and transient. 
© 2013 Published by Elsevier Ltd.  
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1. Introduction 
In recent years, the wind energy is considered the most important renewable energy source for generation 
of electrical energy [1]. The amount of wind energy captured depends mainly on the climatic conditions of 
each location. The cost of the electricity produced by wind turbines is fixed once the plant has been built [2]. 
During  the  last  decades, the development  of this technology has  had a great advance due mainly to the cost 
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 Fig. 1 Wind generation system  
increase, limited reserves and adverse environmental impact of fossil fuels [1-3]. Now days, there are 
different configurations of wind turbines, which are different in the type of electric generator, the control to 
capture maximum wind power and control devices based on power electronics to interface to the grid [2]. The 
wind turbine is the device manager to extract the available energy in the wind [4]. There are various types of 
electric generators, which can be coupled to wind turbines. In this work, we choose a permanent magnet 
synchronous generator because it is an excellent option for systems of small-scale generation, and it has high 
efficiency [5]. 
The wind systems also have the flexibility to be coupled to the conventional electricity grid, for which is 
required a system that is able to synchronize the voltage generated by generation system with the network as 
the phase locked loop (PLL), which allows to get the angle of the grid and with this generate a signal with the 
same characteristics. PLL applications are Distributed Generation (DG) systems for three-phase and single-
phase grids, Flexible AC Transmission Systems (FACTS), Active Power Filters (APF), Active Power 
Rectifiers (APR) etc. [6]. In this paper we use a PLL to synchronize a WECS with the conventional electricity 
grid. The wind generation system is composed of a wind turbine, a permanent magnet synchronous generator, 
an AC-DC rectifier, a DC-DC boost converter, a phase detector and a voltage source inverter, as shown in 
Fig. 1. Before describing the different strategies of the PLL, present a description of the wind generation 
system, later used to synchronize to the grid. 
The goal of the proposed paper is to present a comparison of different PLL-based techniques to 
synchronizer a wind energy conversion system to the grid. Is proposed a PID control to keep the voltage in the 
d axis and q axis at desired values, these voltages are used by the PLL to get the angle of sync with the grid. A 
comparison is made of the performance of the proposed system with the strategies presented in [7-8], and 
implemented in MATLAB/SIMULINK for its analysis.  
2. Wind generation system 
2.1. Wind energy 
The estimated wind speed by a mathematical model permits to obtain different speeds sequences, with 
desired characteristics or approximate to the measurements in the study area. The model used in this work 
considers the sum of four components [9]: a) average value, , b) ramp component, , c) gust 
component,  and d) component of turbulence, . The general representation of the wind speed and 
its components are shown in (1). The average value of the wind speed is obtained from the sum of the values 
of wind speed multiplied by the probability that present, obtained from the Weibull probability density 
function [1].  
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The component ramp of wind represents a stable increment or decrement of the wind speed, while the 
component gust provide a rapid increase with significant variation between the peak and the stable part of the 
curve. The turbulence presents a random behaviour, using the power spectral density. In this work, we used 
the Kaimal spectral model [2], for their satisfactory behaviour in atmospheric turbulence. 
2.2. Wind turbine 
The control structure developed is based on the permanent magnet machine dynamic model in the rotating 
reference frame  [2]. The mechanical power captured by the wind turbine  can be calculated as in (4). 
sqq
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di
LiRv +- -=        
 (2) vq = - Rsiq - Lq
diq
dt
+ ψ m - Ldid( )ωs       
 (3) 
( )CAvP pwwt 32
1
=          (4)  
 
where  is the stator resistance [ ];  and  are d axis and q axis inductances [H];  links permanent 
magnet flux [Wb];  is the angular velocity of the stator [rad/s];  is the density of air [kg/m2]; A is the area 
covered by the rotor [m2];  is the wind speed [m/s] and is the power coefficient.
 
2.3. Power system 
Figure 2 shown a block diagram of wind generation system, which is formed by the turbine and the power 
system. Such power stage involves a three-phase diode rectifier, a boost converter, a three-phase inverter and 
a PLL, as shown detailed in [10-14]. It is noteworthy that for the boost converter using a sliding mode control 
[12] and a PI for the control of active and reactive power [8]. 
 
Fig. 2 Block diagram of wind generation system  
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Fig. 3 Block diagram of PLL 
3. Phase locked loop 
The PLL is a circuit synchronizing an output signal with a reference or input signal in frequency as well as 
in phase. In the synchronized state the phase error between the output signal and the reference signal is zero, 
if a phase error builds up, a control mechanism act, in such a way that the phase error is again reduced to a 
minimum [15].  
The PLL takes the voltage of the conventional electricity grid for to get the synchronization angle as shown 
in the block diagram of Fig. 2. This paper proposes a PID control to the PLL, the purpose of this controller is 
to keep the angular frequency of the current generated equal to the conventional grid. To see the performance, 
we made a comparison of the proposed system with a PLL that uses the transformations  and 
 and it has not a transient behavior [7] as well as with a system that has a controller formed by two 
cascaded compensators as was presented in ref. [8]. In the block diagram of Fig. 3 shows the structure of the 
PLL used in this work. 
3.1. Control of PLL 
In this work, a PID control to keep the voltage  is implemented. A classical feedback control loop is 
observed in the equation (5) in which  is the reference input,  is the output and  is the transfer 
function of the control.  
( )( ) -+= 00tsHVdt
d
q                                                                                                                              (5) 
The function  involves the transfer function of the control and a filter. For the design of the control 
PID, the system is compensated for a phase margin of approximately 55°. The Fig. 4 shows the bode diagram 
of the compensated system and without compensating. One can see that the phase margin in the compensated 
system is approximately to the value desired. 
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Fig. 4 Block diagram of PLL 
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4. Simulations results 
The models presented in section 2 are implemented in MATLAB/SIMULINK for its simulation; where one 
can see, the system behaviour under different operating conditions. 
 
Table 1. Parameters of wind turbine 
Wind turbine Value 
Density of air 
Blade length 
Wind speed 
Armature resistance 
Inductances of d axis and q axis 
Magnetic flux 
No. of poles 
Equivalent inertia 
1.25 kg/m3 
2.5 m  
10 m/s 
3.3  
41.56 mH 
0.4382 Wb 
3 pairs 
0.0552 Kg m2 
 
For the simulation of the wind turbine is used the data in Table 1. The Fig. 5 shows a sequence of wind 
speed considering the four components, where is possible to see the stochastic performance of the wind speed. 
Figure 6 shown the voltage at the terminals of PMSG, where it is observed a change in the frequency and 
amplitude of the voltage from the generator start. 
 
Table 2. Parameters of the power system 
Boost converter Value 
Inductance 
Capacitor 
Desired output voltage 
15.91 mH 
4.7 F 
650 v 
Three-phase inverter  
Inductance 
Resistance 
Voltage in the grid 
25 mH 
20  
480 VL-L 
 
To carry out simulation of the power system, the parameters in Table 2 are used. In the Fig. 7 (a) shows the 
output voltage of the three-phase diode rectifier, where we can see that the rectified output voltage oscillate 
between 500 and 600 volts. The Fig. 7 (b) shows the output voltage of the boost converter, where is possible 
observed that keep the output voltage to raise it to 650 volts. 
Figure 8 depicts the dynamic response , for the grid in steady state and transient, with the 
different configurations for the (a) and (b), the PLL1 takes the matrix transformations  and  [7], the 
PLL2 provides the behaviour of the control composed of two cascaded lead compensators, as shown detailed 
in [8], while PLL3 delivers the performance of the PID control proposed in this work. 
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Fig. 5 Approximate wind speed 
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Fig. 6 Simulation of wind turbine with constant wind speed (10 m/s) 
0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 10
100
200
300
400
500
600
700
Time (s)
V
o
lt
ag
e 
(V
)
 
0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 10
200
400
600
800
Time (s)
V
o
lt
ag
e 
(V
)
 
 
Fig. 7 Voltages output stage of rectification and regulation, (a) three-phase diode rectifier, (b) output voltage boot converter. 
Fig. 8 shows that the PLL1 has not a transient behaviour but the output value of the  is greater that the 
desired value; the PLL2 presents a fast respond but the overshoot is large respect to the value of the voltage in 
steady state. The PLL3 shows a fast respond, the overshoot is less that the presented in the PLL2 and keeps 
the voltage of d axis in a desired value. Simulations results of this PLL technique are shown in Fig. 8-9.  
Figure 9 illustrates with the control PID, is possible to see that the amplitude 
of the angle is between 0 and 2  rad, which is correct. 
Another way to compare the performance of different control strategies implemented for the PLL is 
obtaining the total harmonic distortion of the output current of the inverter with each of the cases. The system 
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Fig. 8 Voltages output of PLL. (a) voltage in d axis. (b) voltage in q axis 
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Fig. 9 Detected phase-angle  
is subject to the following sequence of events: when  sec, the driver works, with  and 
. A  sec,  changes abruptly from  to  and  Figure 10 depicts the 
dynamic response of the current output and harmonic distortion, from three PLL. We can see that the three 
strategies have a low total harmonic distortion 0.58, 0.96, and 0.85 for PLL1, PLL2, and PLL3, respectively. 
The PID proposed in this work presents a behavior similar to the system with compensator, but the control 
proposed introduces a less percentage of harmonics, which improvements the output voltage of the inverter. 
The result of the system with the PLL
voltage of d axis. 
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Fig. 10. Total harmonic distortion of the output current for, (a) PLL1; (b) PLL2; (c) PLL3. 
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5. Conclusions 
A comparison between three different Phase Locked Loop (PLL) strategies for the synchronization to the 
grid of a wind energy conversion system based on a permanent magnet synchronous generator (PMSG) has 
been carried out in this work. It is noted that the proposed PID control improves the overshoot present in the 
case of used cascaded lead compensators, therefore the PLL3 technique, proposed in this work, presents a 
satisfactory performance in steady state and transient state when implementing for synchronizing the wind 
generation system with the grid in comparison with PLL1[7] and PLL2[8] strategies. Derived from analysis of 
harmonic distortion, the PLL1 introduces a lower total harmonic distortion when implemented in the 
generation system, because does not present transient behavior but has no control over the d-axis voltage, the 
PLL3 has satisfactory performance because that introduces the harmonic distortion is less than the value that 
introduces the PLL2 and keeps the d axis voltage within desired parameters. 
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